Polybenzimidazole (PBI) electrolyte and TiO 2 -doped PBI electrolyte membranes were fabricated for application in intermediate temperature hydrogen fuel cells. These membranes and their assembled cells were characterized by field emission scanning electron microscopy, optical microscope, conductivity measurement, and fuel cell evaluation. Metal oxide particles have a high affinity for phosphoric acid. Hence, TiO 2 was added to the PBI electrolyte membrane at various concentrations to increase the retention of phosphoric acid. The proton conductivity of the electrolyte membrane with TiO 2 nanoparticles and their influence on the fuel cell power generation characteristics were investigated under anhydrous condition at 150°C. The TiO 2 /PBI electrolyte membrane achieved output characteristics more than twice that of the pure PBI electrolyte membrane. It was observed that the addition of TiO 2 improved the phosphate holding power of the electrolyte membrane. TiO 2 / PBI membrane retained high conductivity values at the higher temperatures as a result of its high doping level and high water retention capacity. TiO 2 (2 wt %)/PBI composite membrane showed the best performance with a power density of 434 mW cm ¹2 . These results suggest that TiO 2 /PBI-based composite membranes are promising electrolytes for intermediate temperature polymer electrolyte membrane fuel cells.
Introduction
Fuel cells for electrical power generation are a research area of high interest because they show high power conversion efficiency with low pollution levels. The electrolyte membrane is a critical component in fuel cell performance. 1) Recently, the commonly used polymer electrolyte fuel cell (PEFC) electrolyte is fluorine-based polymer membranes such as Nafion μ with high electrochemical characteristics. However, Nafion contains hazardous components such as fluorine which is detrimental to the environment. Besides, H 2 O serves as the proton conducting carrier in Nafion μ . Thus, the performance of the PEFC using Nafion would reduce at ²100°C, the boiling point of water. One of the solutions to these deficiencies is the use of phosphoric acid (PA)-doped polybenzimidazole (PBI) membrane.
2),3) PA pays the role of enhancing proton conductivity with a high boiling point, 158°C, and thus, can be employed in generating electric power in fuel cells in the intermediate temperature range (100200°C). Among different types of non-fluorinated ionomer (non-PFI) materials under active development, PBI is the best and commonly used. It is a plastic and water insoluble polymer material. Pure PBI is not only a good electronic insulator but also an ionic insulator. However, high proton conductivity of PBI can be attained in the acid-doped form. Generating electricity in the intermediate temperature range under anhydrous condition has merits, such as application in co-generation systems that effectively utilizes waste heat; and for compacting device since it eliminates the need for a humidifier. 4)13) When pristine PBI membranes are doped with PA, their mechanical strength reduces dramatically; and the higher the acid content, the lower the mechanical strength, ultimately reducing the stability of the membrane/fuel cell. So, metal oxides are added to increase the acid uptake and yet maintain or enhance the stability of the membrane/fuel cell. Introducing metal oxide (e.g. TiO 2 ) into the PBI membrane can enhance its PA concentration because adsorption capability of the inorganic phase helps in retaining the acid in the membrane at high temperatures and also manages the by-product water produced. Recently, J. Lobato et al. reported that TiO 2 doped-PBI membranes showed high doping level of PA per repeat unit of PBI and also showed a higher water uptake compared to pristine PBI, under the same condition. 14) F. Javier Pinar et al. also reported metal oxide doped-PBI membranes absorbed large amount of PA within a short period compared with pure PBI. 15) In this research, in order to improve the proton conductivity (by way of increase PA doping) and fuel cell performance of the PBI electrolyte membrane, TiO 2 was added into PBI to form a composite electrolyte membrane. The results showed that the leaching of phosphoric acid was suppressed by the addition of TiO 2 , which enhanced the phosphate holding power of the composite PBI electrolyte membrane.
Experimental procedure

Fabrication of electrolyte membrane
N,N-dimethylacetamide (DMAc) (Wako; 99%) and PBI (Sato Light Industry; MRS0810H, 10 wt % in DMAc)solution were prepared to fabricate the pristine PBI electrolyte membrane. 4.8 g of PBI solution was added to 43.23 g of DMAc solvent to obtain 1 wt % of PBI solution. The solution was stirred with a magnetic bar at 500 rpm for 1 h to obtain a homogeneous solution. It was then sonicated for 30 min and transferred into a petri dish (º = 9.7 cm) for membrane casting. Subsequently, the solution was heated in an oven between 60120°C for 24 h. The PBI solution set to give a film thickness of 5070¯m after the casting. The electrolyte membrane was peeled off from the petri dish and hot-water treated at 90°C for 5 h, as a water durability test and to remove residual materials. Thereafter, the electrolyte membrane was rinsed with water and dried in an oven at 60°C overnight.
The TiO 2 /PBI membranes were similarly prepared by the addition of TiO 2 nanoparticles powder (Aldrich; 99.8 wt %, ³50 nm) to the PBI solution, at different weight percents (2, 10 and 20 wt %), before casting. Finally, membranes were immersed in PA (Wako; 85%) at 60°C for different time periods to achieve different desired PA doping levels (PADLs).
Membrane characterization
The morphologies of the PBI membrane and TiO 2 -doped PBI membranes were characterized by field emission scanning electron microscopy (S-4800, Hitachi) and optical laser microscope (OLS 4100).
Temperature dependence of anhydrous proton conductivities of the membranes was evaluated by AC impedance spectroscopy over a frequency range of 10 7 1 Hz (Solartron; SI 1260) in a dry nitrogen atmosphere. For the proton conductivity measurement, electrolyte membrane sizes of 2 © 2 cm 2 were used. The measuring temperature range was between 15050°C in a cooling regime. Carbon papers were placed on each side of the membranes as electrodes for the conductivity measurement. The fuel cell performance test for the membranes was carried out in the form of membrane electrode assemblies (MEAs) at 150°C operation temperature with commercial Pt-loaded carbon paper sheets (Electro Chem, EC-10-05-7; Pt content = 0.5 mg cm ¹2 ). Dry H 2 and O 2 were used, obtained by passing them through a bubbler. The fuel cell performance greatly depends on the makeup of the cell as well as on the operation conditions of temperature and humidity, so that the assembly processes of the cells and the operation conditions were optimized for each electrolyte by trial and error.
Membrane electrode assembly (MEA)
The commercial Pt/C sheets were used for both anode (1 © 1 cm 2 ) and cathode (1.5 © 1.5 cm 2 ). The Pt catalysts sandwiched the PA-doped electrolyte membranes to form the MEAs.
Fuel cell tests
The MEA was placed between two high-density graphite blocks with parallel gas flow channels. An Electric thermocouple was mounted at the rear of one of the graphite blocks to monitor the desired temperature. Goldplated steel bolts were screwed on to the graphite blocks as electrical leads.
16) H 2 and O 2 gases were fed to the anode and cathode sides of the cell, respectively, at flow rates of 100 mL min ¹1 .
Results and discussion
PA doping
The PADLs of the membranes were calculated as shown in Eq. (1),
where, W 0 = membrane weight before doping with phosphoric acid, W = membrane weight after phosphoric acid doping, M PA = Molecular weight of phosphoric acid (98 g mol
¹1
), M PBI = 1 repeat molecular weight of PBI (308 g mol
). Figure 1 shows a comparison between the time dependent PADL of TiO 2 /PBI electrolyte membrane and pure PBI. As a reference, 6 mol PADL threshold for PBI (pure) and TiO 2 /PBI electrolytes was used. The TiO 2 /PBI film is doped with 3 mol PA within 20 min, and reaches 6 mol within 35 min, and finally saturates at 9 mol in a total of Fig. 1 . Time-dependent PADL of PBI (pure) and TiO 2 /PBI at 60°C.
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about 70 min. The pure PBI on the other hand rises to 3 mol PADL within 8 min and levels of until after 50 min when it begins to rise again to reach a PADL of 6 mol after 80 min, and then to 8 after 90 min. The difference in these PADL rates is ascribed to the fact that phosphoric acid exists between polymer chains of PBI up to a PADL of 3 mol. TiO 2 , being hygroscopic, as a result of surface hydroxyl groups, is thought to adsorb and retain a large amount of PA after the initial PADL of 3 mol.
Optical
Microscope and SEM measurements
The photographs of typical membrane electrolytes are shown in Fig. 2 , showing they are transparent; and their surface textures under optical microscope are shown in Fig. 3 , showing homogenous surfaces. Figure 4 shows SEM images of cross-sections of the membranes, showing the typical 50¯m thickness of the membranes and that the homogeneity extends throughout the membrane and not only the surface. From these results, the membranes were found to feel flexible and homogeneous.
3.3 Proton conductivity measurement of membranes and fuel cell power generation test Figure 5 shows the temperature dependence of conductivity for 6 mol PADL of pure PBI and TiO 2 /PBI electrolyte membranes. The conductivities of both membranes showed a trend of increasing conductivity with increasing temperature. However, the conductivity of the TiO 2 /PBI was found to be lower than that of the pure PBI. We think this is due to the more significant contribution of electron transport resistance to the total resistance of the cell than the contributory component due to ionic (proton) transport. The proton conductivity, ¤, values were calculated from Eq. (2):
where, L is the thickness of the membrane; R is the direct current resistance of the membrane via electrochemical impedance spectroscopy (EIS) technique; and A is the effective active surface area of the membrane. For both membranes L and A were the same, indicating that the difference in conductivity values between the two membranes arose from their R values, which is a combined contributory effect of both electron and ionic (proton) transport resistances. Thus, the 2 wt % poor conductor TiO 2 added increased the electron transport component of the R value significantly enough to cause an overall lower conductivity in the TiO 2 /PBI than the pure PBI of the same PADL value of 6 mol.
However, when it came to the complete fuel cell performance, their levels of performance reversed, as shown in their polarization and power density curves in Fig. 6 , with maximum power densities of 195 and 434 mW cm ¹2 for pure PBI and TiO 2 /PBI, respectively. The open circuit voltages of both membranes were more than 0.9 V, which indicate that the membranes have low gas permeability. 17) ,18) Figure 7 shows the polarization and power density curves of the different TiO 2 /PBI composition membranes cell performances. Compared to those of pure PBI, in Fig. 6 , it can be observed that all the TiO 2 /PBI membrane JCS-Japan fuel cells showed better performances than the pure PBI membrane fuel cell. This supports our explanation regards the effect of the TiO 2 component; where as in the conductivity measurements of the membranes there is a dual component effect from electron transport and proton transport, in the fuel cell measurement it is solely proton conduction component with regards to the role of the membrane, which is the only variable factor among all the cells. Thus, the TiO 2 component effectively adsorbed and retained the PA acid groups, increasing proton transport as observed in the high power density values of the TiO 2 /PBI composite membrane cells; and preventing leaching of the PA acid groups, as observed in the higher polarization curves of the TiO 2 /PBI membrane cells.
However, among only TiO 2 /PBI composite membranes results, it can be observed that at higher wt % amounts of TiO 2 cell performance reduces, in both cell polarization and power density (Fig. 7) . This observation suggests that there is a synergistic effect of TiO 2 and PBI on the performance of the cell membrane. In addition it was observed that at higher TiO 2 concentrations, ²10 wt %, the TiO 2 settled at the bottom part of the membrane, resulting in non-homogenous membranes, which could also be a contributory factor to the poor performance of composite membranes with higher TiO 2 content. Further, this settling of TiO 2 at one face of the membrane will cause absence of PA groups at the membrane/catalyst interface of that face, which is critical for reduced charge transfer resistance at the interface. 12) To confirm the PA group retention effect of the TiO 2 component the constant current stability curves of 2 wt % TiO 2 /PBI membrane cell was compared to that of pure PBI as shown in Fig. 8 . The measurement was carried out at a current density of 0.2 A cm ¹2 for about 40 h. It can be observed that the composite membrane of 2 wt % TiO 2 / PBI had a constant potential throughout the measuring period, while that of the pure PBI was observed to begin decreasing after the first 5 h, with a sharp and severe decrease (about 80% of its original value) after 25 h. This observed superior performance by the composite membrane was mainly attributed to the retention of the adsorbed PA ligands due to the TiO 2 , in addition to the capture of cell reaction radicals such as •OH, •OOH and H 2 O, which are thought to attack the PBI membrane. 19) In addition, the nanostructure of the TiO 2 particles (³50 nm) was thought to aid in a homogenous distribution within the membrane and also afforded it large surface area for the adsorption of PA ligands and capture of radicals. 20) 
Conclusions
In this study metal oxide, TiO 2 , was added to PBI at various weight compositions to form TiO 2 /PBI composite membranes; with the target to increase cell performance in the intermediate temperature region (100200°C) via enhanced adsorption and retention of PA ligands. The results showed superior performance of the TiO 2 /PBI membranes over the pure PBI membrane, with an optimal TiO 2 composition of 2 wt % giving a power density of 434 mW cm ¹2 , compared to 195 mW cm ¹2 of the pure PBI membrane. The composite membrane also showed a constant current potential over a 40 h period while that of the pure PBI begun decreasing after 5 h with about 80% loss in potential after 25 h. These observed enhanced performance indicators in the TiO 2 /PBI composite membranes were attributed to the enhancement effect, with some level of synergistic effect with PBI, of the TiO 2 component on PA adsorption and retention, and the capture of radical byproducts from the fuel cell reactions that attack the PBI membrane. These results provide fundamental understanding and information of the enhancement effect of metal oxide TiO 2 on the cell performance of PBI based fuel cells and thus a good guide for fuel cell researchers and industry.
